The region of the Ribeira Valley is known for its metallic sulphide deposits (lead, zinc, copper, silver and gold), being the major lead producer of the Brazil in the 1950s. Since then, it has become the target of several geological studies from which two models of lead and zinc mineralization known as Perau and Panelas models were proposed. This study is particularly interested in the Panelas model, which is characterized by its vein morphology, association with carbonate rocks and structural control. Based on literature, this paper proposes to verify the applicability of the hierarchical analysis process (AHP) as auxiliary of the geographic information system (GIS) in the favorability mapping of hydrothermal veins-type Pb deposits which fit in the Panelas model. The study area is the western region of the Ribeira Valley, located in the southern portion of the São Paulo State, Brazil. In order to perform this work, four parameters were used: geological structure, stratigraphy, lithology and geochemistry. The result obtained highlights areas corresponding to Mina de Furnas, Bairro da Serra and Água Clara Formations as highly favorable areas to lead mineralization according this model. In addition, it shows the negative association of these geological formations with potassium concentration.
INTRODUCTION
The region of Ribeira Valley is known for its great mineral potential, especially the metal sulfide mineralization such as lead, silver, zinc and copper (ARAÚJO 1999 , CHMYZ 2011 , CALTABELLOTTA et al. 2017 , MORAIS 2017 . LOPES et al. (2017) report that this region represented the largest Brazilian metallurgical center for lead and silver in the 1950s. According to SILVA & TEIXEIRA (2012) , the lead reserves in the Ribeira Valley are estimated at 16.6 tons and have an average content of 8.05%. Geological studies of these metal deposits in different deactivated mines, dated from the 19th and 20th centuries, allow to establish two main mineralization models known as Panelas and Perau models (FLEISCHER 1976 , SILVA et al. 1982 , MACEDO 1987 .
The mineralization of the Perau model is characterized by its stratiform morphology and its hosting in sedimentary and metasedimentary rocks of marine origin (FIGUEIREDO 1992 , ARAÚJO 1999 , ARAÚJO & MACEDO 2004 . Some authors (e.g., SILVA et al. 1982 , MACEDO 1987 , DAITX 1996 attribute these mineral deposits to the Sedex model. The latter corresponds to the sedimentary exhalative deposits formed by the release of metalliferous hydrothermal fluids in the ocean floor (ARAÚJO & MACEDO 2004) . These metal-laden fluids reach the surface of the oceanic crust by normal faults or zones of crustal weakness (ARAÚJO & MACEDO 2004 , PIRAJNO 2009 and are deposited in the form of lenses or layers of massive sulfide of Pb and Zn associated with Au, Ba and Cu (WINGE et al. 2001) . Usually, the Sedex Zn-Pb-Ag deposits are hosted by marine sedimentary rocks -such as carbonaceous shales, siltstones, and (or) carbonates -of intracratonic or epicratonic rift basins (EMSBO et al. 2016) .
The mineralization of the Panelas model is characterized by vein morphology, exclusive association with carbonate rocks (limestone and dolomite) and association with linear structures such as shear zones, faults, fractures systems and fold axis (FIGUEIREDO 1992 , ARAÚJO & MACEDO 2004 ). This mineralization of hydrothermal origin is considered as an epigenetic mineralization (ODAN et al. 1978 , CHIODI FILHO et al. 1982 . The deposits of the Panelas model resulted from the hydrothermal remobilization of the metals of the supracrustal and basement rocks and, subsequently, by the precipitation of sulphide in the form of veins in the carbonate rocks (FLEISCHER 1976 , SILVA et al. 1982 , BARBOUR et al. 1990 , especially the dolomites of the Votuverava Formation (Açungui Group), according to a general direction NE-SW (FIGUEIREDO 2000) .
Based on the literature, this paper aims to verify the applicability of the hierarchical analysis process (AHP) as auxiliary of the geographic information system (GIS) for the favorability mapping of hydrothermal veins-type Pb deposits fitted in the Panelas model, which is one of the main mineralization models for the mineral deposits of the Ribeira Valley Region. The study area is the western part of this region and covers the municipalities of Itapirapuã-Paulista, Barra do Chapéu, Ribeira, Itaóca, Apiaí and Iporanga. It takes up a total area of 2994.97 km 2 of Ribeira Valley, which is located in the southern region of São Paulo, Brazil ( Figure 1 ).
GEOLOGICAL SETTING
Ribeira Valley region is the result of a collision of three tectonic terranes (Apiaí, Curitiba and Luís Alves) that occurred during the tectonic events known as the Brazilian cycle in the Upper Proterozoic and the Cambrian (BASEI et al. 1992) . These terranes form two large tectonic compartments known as Apiaí Belt and Coastal Domain -Lower and Upper-Middle Proterozoic -, in the southern portion of the São Paulo State (CPRM 2006) . These compartments are separated by the Lancinha-Cubatão NE-SW dextral shear zone (DEHLER et al. 2000 , CPRM 2006 ).
The Apiaí Belt or Apiaí Terrane is composed by the following lithostratigraphic units:
• The Três Córregos Granitic Complex and the Açungui Group, which are characterized mainly by low-to-medium-grade metamorphic rocks, in addition to the presence of several intrusive granitic bodies;
• The Água Clara and Perau Formations and the Embu Complex, formed by metasedimentary rock associations metamorphosed in higher degree (MARINI et al. 1967 , HASUI & SADOWSKI 1976 , HASUI et al. 1975 , PIEKARZ 1981 , CAMPANHA 1991 . Lithologically, the Água Clara Formation is characterized by the presence of limestone, calcphyllite (calco-filitos), calc-schist, etc. (MARINI et al. 1967 ).
The Coastal Domain, constituted by the Curitiba and Luís Alves terranes, forms the southern and southeastern portions of Ribeira Valley and contains five lithostratigraphic units (the Capiru Formation, the Sêtuva, Gneiss Migmatitic and Serra Negra Complexes and the Cachoeira Sequence), dominated by metasedimentary rocks that are intruded by magmatic rocks and based on gneissic-migmatite rocks (SILVA et al. 1981 , CAMPANHA 1991 , CAMPANHA & SADOWSKI 1999 . The Curitiba and Luís Alves terranes are separated by the Serra do Azeite shear zone .
The geology of the study area ( Figure 1 ) is dominated by lithostratigraphic units composed of Mesoproterozoic metasedimentary and volcanic rocks (FIGUEIREDO 2000) . MORAIS et al. (2012) described these units as follows:
• the Mina de Furnas Formation, constituted of metacalcarenite with cross stratification, calcic metacalcilutite, carbonate metabrechia;
• the Betari Formation, with metric banks of metaconglomerate interspersed with layers of thick metarenite grading to decimetric levels of fine metarenite at the top of the unit;
• the carbonate and shale units of the Água Clara Formation, composed of banded calcosilicatic rocks with intercalations of pure marble and metabasite lenses and by micaxist quartz with graphite shale intercalations, respectively;
• the Votuverava Group, formed by homogeneous sericite phyllite with intercalations of carbonaceous phyllite, carbonate phyllite and metabasite lenses;
• the Passa Vinte Formation, consisting of a gray marble banded, locally with algal mats, metamarl, phyllite and calcoschist;
• the Apiaí Marble known as a calcitic marble, with deformed sedimentary structures.
Structurally, the area is crossed by a set of NE-SW shear zones, folding zones with NE-SW axes, and faults and fractures with different directions.
PROSPECTIVE MODEL
The data used in this study were obtained from the Companhia de Pesquisa de Recursos Minerais (CPRM) and they were collected as part of the project Áreas de Relevante Importância Mineral no Brazil (ARIM) -Vale do Ribeira. The factors considered for the favorability analysis are represented, in descending order of importance, by structure, stratigraphy, lithology and geochemistry.
The structural factor considers the shear zones as the most important structure, followed by faults and fractures (intermediate importance) and the fold axes (least important). The stratigraphic factor involves four stratigraphic units represented by the Mina de Furnas, Bairro da Serra, Água Clara and the Itaiacoca formations. According to LOPES et al. (2017) , the NE-SW shear zones are the main structural features that contain the polymetallic veins of the Pb, Ag, Zn, Cu e Au. These authors also identify the Mina de Furnas, Bairro da Serra and Água Clara formations as the main stratigraphic units in which most polymetallic veins are concentrated. Therefore, in this study, these formations are considered as having the same importance, followed by the Itaiacoca Formation, which is mentioned by ARAÚJO & MACEDO (2004) as a favorable area for this type of mineral deposit.
The lithological factor includes, in decreasing order of importance, the dolomite, the limestone and the metasedimentary rocks. This classification is justified by the fact that the veins-type mineral deposits of the Ribeira Valley are hosted mainly in the carbonate rocks. Nevertheless, the dolomitic rocks present even more storage conditions due to their greater competence in relation to the limestone. The higher competence favors opening of fractures under the action of tectonic stresses, in which the mineralized hydrothermal fluids percolate and deposit their metallic content (ARAÚJO & MACEDO 2004) .
The geochemical factor involves, from the highest to the lowest degree of importance, lead, zinc and copper anomalies. Lead anomalies constitutes the most important element, being the focus of this work. Zinc acquires more importance than copper, because its correlation with lead is slightly greater than the correlation of copper with lead.
The geochemical data used in this study, available for free download in the Geobank website (CPRM 2018), were obtained from the chemical analysis of stream sediments and rocks samples realized as part of the regional geochemical investigation performed by the CPRM. Here, copper and zinc are used as pathfinder elements, according to LEVINSON (1980) , since the mineral deposits of this region are polymetallic of Pb, Ag, Zn, Cu and Au .
The definition of the degree of importance of each prospective factor is based on its logical relevance and its level of associative exclusivity with the veins-type mineral deposits (Panelas model). For example, the structural factor is classified as the most important due to the veinscharacteristic of the ore bodies. The second most important factor is the stratigraphy, since each mineralization model in the Ribeira Valley is associated with some particular lithostratigraphic unit (FIGUEIREDO 1992 (FIGUEIREDO , 2000 . The lithological factor is considered less important than the stratigraphic factor, because the Perau model is also associated with carbonate and metamorphic rocks (FIGUEIREDO 1992 , 2000 , ARAÚJO & MACEDO 2004 . The geochemical factor is less important than the mentioned above, because the geochemical anomalies do not indicate the presence of mineral deposits associated exclusively with the Panelas model. Furthermore, sometimes, the anomalous concentrations may be related to contamination due to human activities.
INTEGRATION AND PROCESSING OF THE GEOLOGICAL DATA
The defined factors above and their elements or alternatives were submitted to a judgment process through the AHP, which is a multicriteria method used to support decision-making in problems with multiple criteria (MARINS et al. 2009 ), proposed by (SAATY 1977) . This method consists of decomposing and dividing the problem to be treated, into factors, which are further decomposed, in turn, into new more detailed factors called alternatives. The figure 2 shows the structure of the model into two levels of judgment, represented by:
• the parity comparison of the alternatives of each factor;
• the parity comparison of the factors.
By using the conversion scale presented by SAATY (2002) (Table 1), the parity comparison  done through a table known as judgment matrices  (Tables 2 and 3 ) was performed.
The judgment process of the pairs is followed by the normalization (Table 4) , which is obtained by the sum of the lines of the judgment matrices and the later division of each line by the obtained sum. Finally, the arithmetic means of the new columns formed from this process result in a last column called Eigenvector.
After the definition of the weights by the AHP method, the geological data were submitted to processing in GIS, in which thematic maps and a final map of favorability were generated. The different thematic maps are represented by the structural, stratigraphic, lithological and geochemical maps.
Structure
The structural map is based on the geological map from CPRM (CALTABELLOTTA et al. 2017 ). The main geological features used are represented by shear zones, faults and folded axes. A map of each feature (Figure 3 ) was generated separately and subsequently buffered with five concentric rings of 100 m each to define the areas of influence -the further the area is from the center, the less probable it is to find a deposit. The areas of influence of 500 m on both sides of the geological structures are defined, because, according to LOPES et al. (2107) , NW-SE polymetallic veins (Pb, Ag, Zn, Cu and Au) cross the NE-SW shear zones. The resulting buffers of the features were processed through the Euclidean distance, which transformed them into new files capable to be summed (Figure 3) . Using the weights calculated through the AHP, these maps were summed to generate a final structural map. This operation was performed using an algebraic equation, given by the equation 1:
In which: S = Structure; α = Shear zone; β = Fault; λ = Fold axis; x, y and z = the respective weights.
Stratigraphy and lithology
The stratigraphy and lithology maps were constructed based on the mineral resources map of ARIM, Ribeira Valley (SP and PR) (CALTABELLOTTA et al. 2017) . From these maps, vector data were created, converted to raster data and, subsequently, reclassified with the weights calculated through the AHP method.
Geochemistry
An anomaly map of each of the chemical elements (Pb, Zn and Cu) of the geochemical factor was drawn by interpolation using the kriging and inverse distance weighted (IDW) methods and variograms.
Geostatistics
The analysis of the geochemical data distribution was performed using statistical tools such as histograms, normal Q-Q plot graphs and variograms. These tools allow the characterization and quantification of the relationships between different data.
The normal distribution produces a peak around the mean value and a low standard deviation. The normal Q-Q plot for the normal distribution is represented by a straight shape. In some cases, the data do not follow a normal distribution, so it is necessary a data transformation, which can be exponential, logarithmic, among others.
For the present study, the logarithmic transformation was used in order to construct normal Q-Q plot graph and histograms with lognormal distribution, because the evidence found in the literature shows that geochemical data have a normal or lognormal distribution (SHAW 1961 apud FRIZZO & LICHT 2007 . The lognormal distribution is characterized by the property of the data to follow a normal distribution, and it is used when the goal is modeling data with positive asymmetry (KOCH & LINK 1970 , ROSSI & DEUTSCH 2014 . The copper data show lognormal distribution with mean and standard deviation equal to 17.887 and 18.71 ( Figure 4A ). These values show that they do not follow a normal distribution. Another way to determine the non-normality is the shape of the histogram and the curve of the normal Q-Q plot graphic. In figure 4A , the data is almost totally concentrated in small values, so that the graphic is left skewed. In figure 4B , the logarithmic transformation in the histogram shows a symmetric distribution. In figure 4C , the normal Q-Q plot before the lognormal transformation is represented with mean and standard deviations equal to 17.856 and 18.160. This graphic shows a curve that is representative of non-normal distributions. After the transformation, the normal Q-Q plot shows a straight shape with r 2 value equal to 0.99764 ( Figure 4D ). It is possible to see that the transformation effectively resulted in a lognormal distribution.
The lead data show lognormal distribution with mean and standard deviation equal to 64.79 and 378.99 ( Figure 5A ). These values do not follow a normal distribution. The histogram, after logarithmic transformation ( Figure 5B ), represents a symmetric distribution. The normal Q-Q plot ( Figure 5C ) shows mean and standard deviation equal to 108.824 and 619.13. These values show a non-normal distribution. After the logarithmic transformation, the result is represented by the normal Q-Q plot ( Figure 5D ), that shows a straight shape with r 2 value equal to 0.99368, resulting in a lognormal distribution.
The zinc data show lognormal distribution with mean and standard deviation equal to 89.016 and 203.86 ( Figure 6A) . These values show that they do not follow a normal distribution. After the logarithmic transformation, the histogram represents a symmetric distribution ( Figure  6B ). For the normal Q-Q plot ( Figure 6C ), before logarithmic transformation the values of mean and standard deviation are equal to 108.824 and 619.13, respectively. After the transformation, the normal Q-Q plot shows mean and standard deviation equal to 108.824 and 619.13, respectively, and a straight shape with r 2 value equals to 0.99337, resulting in a lognormal distribution ( Figure 6D ). The figure 7 illustrates the spatial distribution of stream sediment collection points for each element.
The copper map was constructed using the kriging interpolation method. The collect points are not well distributed and do not cover all the study area ( Figure 7A ). Thereby, it was necessary a robust tool of interpolation to reach all the extension of the area and to estimate correctly the values of the locals with no collection points. The kriging method ponders the nearest neighbors of the input point (YAMAMOTO & LANDIM 2013) . To calculate the parameters required for the construction of this map, it is essential to model the autocorrelation as a function of distance. The autocorrelation modeling is made by the semivariogram tool. This tool is used to describe the mathematical relationship between the variance of points and the distance separating this points. The nugget effect is the initial point in the ordinate axis when h = 0. The sill is the maximum value of the curve above which this point it is not more correlated, and the range is the maximum distance in which exists correlation. The lag distance is the distance, used in the construction of the semivariogram, between the input point and the neighbor.
The semivariogram of the Cu (Figure 8 ) were created with a lag distance of 0.00078 km or 12 neighbors. The semivariogram returned the values of nugget effect, sill and major range equal to 0.012, 0.067 and 0.0047, respectively. This values were used in the construction of the geochemical map of copper.
The lead and zinc maps were constructed using the IDW interpolation method. The collection points in the maps (Figures 7B and 7C) are better distributed comparing with the Cu, but restricted to the main streams. Therefore, it was not possible to follow a regular distribution.
The IDW interpolation assumes that each input point has an inf luence, in unknown points, that decreases with the distance. In this method, it is assumed that the rate of correlation between the each input points, and its neighbors are proportional to the inverse of the distance between them. Another parameter that is considered in this interpolation is the power parameter ρ (BURROUGH & MCDONNELL 1998) . This parameter increases (or decreases) the inf luence of the neighbors in the estimates. In this maps, it was not necessary the construction of the variograms, because in IDW the weighting of the distance is made by the parameter ρ. The interpolation map was built by ρ = 2 and maximum of 15 neighbors.
The maps of each element ( Figure 9 ) were summed to generate a final geochemical map, using the weights calculated through AHP. In order to perform the operation, an algebraic equation was used, which is given by equation 2:
In which: G = geochemistry; α = lead; β = zinc; λ = copper; x, y and z = the respective weights. 
Favorability map
The favorability map of veins-type lead deposits (Panelas model) was obtained by summing the different thematic maps through the algebraic equation given by equation 3:
In which: F = favorability; S = structure; T = stratigraphy; L = lithology; G = geochemistry; x, y, z and t = the respective weights.
RESULTS
The weights resulting from the judgment process for the alternatives and the factors are shown in table 5. They are used through the algebraic equations above for the construction of the thematic and final map (Figure 10 ).
Structural map
The structural map ( Figure 10B ) presents a large concentration of structures in the central and eastern region of the study area and a lower concentration in the western portion. These structures are dominated by NE-SW shear zones, which are very important for prospecting of veinstype lead deposit, since they are the main structure with ore veins (FIGUEIREDO 2000).
Stratigraphic map
The stratigraphic map ( Figure 10C ) presents the main stratigraphic units favorable to veins-type lead deposits. They are represented by the Mina de Furnas, Bairro da Serra, Água Clara and Itaiacoca formations. The most favorable ones (Mina de Furnas and Bairro da Serra in the east, Água Clara in the west) are both presented in red color, and the Itaiacoca Formation, classified as the least important, is presented in light blue color in the northwest region of the study area.
Lithological map
The lithological map ( Figure 10D ) presents the different lithotypes favorable to the lead mineralization. They are represented by dolomitic rocks in red color (greater weight), limestone in yellow color (intermediate weight), metasedimentary rocks in light blue color (low weight) and igneous rocks in dark blue (null weight).
Geochemical map
The geochemical map ( Figure 10E ) presents the spatial distribution of concentration of all the elements.
Favorability map
The favorability map ( Figure 10A) shows the spatial distribution of the areas according to their degree of favorability to find veins-type lead deposits. The west portion represents the part of the area that presents the lowest favorability, while the east and the central portions present the highest favorability or the best theoretical conditions for mineral prospecting. These areas (in red color) match the main structure concentration, Mina de Furnas, Bairro da Serra and Água Clara formations and the zones of greatest geochemical anomalies.
The statistics of this map are shown in the figure 11 , whose values of minimum and maximum are 0.1789 and 0.6882, respectively. The classification of the map was made by separating these values using the "natural breaks method", in which the software automatically identifies and separates the data in classes according to breaks separating the peaks. The number of classes determined for this map was six, being:
• null (0.1790 -0.3050);
• very low (0.3051 -0.3790);
• low (0.3791 -0.439);
• intermediary (0.4391 -0.5080);
• high (0.5081 -0.5840);
• very high (0.5841 -0.6880).
In the histogram (Figure 11 ), three peaks more prominent represent the low, intermediary and very high favorability classes.
DISCUSSION
Besides the high coherence between the final map and the intermediate maps, this result conforms to the geological data of the rock outcrops of the area, corroborating previous studies in the region (e.g., ARAÚJO & MACEDO 2004) . This study highlights Mina de Furnas, Bairro da Serra and Água Clara formations as the lithostratigraphic units most favorable to polymetallic mineralization. According to SILVA et al. (2016) , mineral occurrences of Pb are concentrated in the eastern and central regions of the study area, which corresponds to the Minas de Furnas and Bairro da Serra formations. In addition, mineral occurrence data provided by CPRM through the GeoSGB website and mineral resource map (scale: 1:250,000) presented by CALTABELLOTTA et al. (2017) show many disabled lead ore mines such as Mina Jardim and Mina Santana Nova in this same zone, specially in Mina de Furnas and Bairro da Serra formations (Figure 12) .
The high favorability of the Mina de Furnas and the Bairro da Serra formations to host veinstype lead deposits is due to the geological conditions represented by the presence of carbonate rocks ( Figure 13 ) and structural features ( Figure 10B ) that constitute respectively geochemical traps and good percolation path for the hydrothermal fluids.
Comparison with geophysical data
The geophysical factor is relevant in the process of mineral exploration, since certain geophysical techniques, such as gamma spectrometry, allow to delimit the hydrothermal alteration zones associated to mineral deposits (IRVINE & SMITH 1990 , SOARES et al. 2004 ). Gamma spectrometry provides information about potassium, uranium and thorium concentrations that may indicate hydrothermal alteration zones and, thus, the presence of potential mineral deposits. According to and IRVINE & SMITH (1990) and PIRES (1995) , 40 K represents an important constituent of the hydrothermal solutions. RIBEIRO et al. (2013) showed that, in an environment of hydrothermal alteration, potassium and uranium move together leaving the thorium immobile. Nevertheless, in the absence of hydrothermal alteration, uranium and thorium tend to remain together. Potassium is an important chemical constituent of granitic rocks. WASSERBURG et al. (1964) showed that granites have high concentration of this element in relation to other rocks. The figure 14 clearly shows that the highest concentration of potassium is associated with granite bodies, mainly the Itaiacoca Granite (1), the Barra do Chapéu Granite (2) and the Arrieiros Granite (3). In addition, a negative correlation between the areas of high favorability to mineral deposits and potassium anomalous is observed. The potassium concentration of the areas with high and very favorability do not exceed 1.76%. Indeed, those areas are relatively poor in potassium and have no relationship with the other radioactive elements (U and Th). In such case, it is possible to conclude a negative association of the potassium concentration with the polymetallic mineral deposits (Pb, Cu, Zn) in Ribeira Valley.
CONCLUSION
GIS and geoprocessing become, respectively, necessary tool and technique for mineral prospecting. Based on the data collected in the field and information extracted from previously performed works, they can allow the modeling of spatial distribution of geologically favorable areas to mineral deposits. Through this modeling, the potential areas can be identified and chosen for execution of more advanced stages of mineral survey.
In the present work, mapping of areas potentially mineralized with lead ore veins was executed by using GIS and geoprocessing together with AHP. Based on literature data (structural and lithological control in the mineral deposits), a spatial projection (or modelling) was made in order to identify other areas with probability of mineralization. The spatial projection consists of mapping areas with the same geological characteristics as a given area scientifically studied. These characteristics are represented by lithology, stratigraphy and geological structure.
For this work, AHP played a very important role, allowing the non-random weighting of the different factors involved. It is a robust method used in conjunction with GIS in geoenvironmental analysis, but its application is universal and can be used in any scientific field. The result obtained in this work proves its applicability for mineral prospecting and allows discriminating zones with high probability of hydrotermal vein-type Pb deposits, which can be used as a target of more advanced mineral prospecting.
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